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:•' .'- . ~~~I. SU1,24IARY ANDO I.ýITR DIt'IA UllA, U

b
The Midwest Research Institute has conducted research under three

successive contracts to the Ordnance Department on the resistance of light

. personnel armor materials to penetration by munition fragments. The general

objectives of this work have be.n to determine the effects of each of the

principal variables associated with penetration and to determine, if possible,

- what physical properties of light armor materials have the greatest influ-

I. eencc on their resistance to penetration.

The work accomplished under the first two contracts__wS__LQncornod
with the type of failure induced by overmatching fragment-sinulatQrs, i.e.,

*: those having a diameter greater than the thickness of the armor, as this
was considered the most severe condition to which the armor would be exposed.
It was then desired to complete the picture by showing the abilities of
armor materials to rusist penetration by undermatching fragments, which may

"be more representative of average combat conditions, considering that most
* of the fragments produced by random-fragmentation types of munitions are

of relatively small size. Consequently, the research condpc•_ed fter the
Spre-sent contract has bee.n primarily concerned with armor behavior under

.impact _ýyu _aaqý.riqlors The acopof t h ah
i -icdod thc" itud•_of corollary conditions usually associated with under-

~t~h±.~i~ntsviz.,salr (balli-stic-limits), andhigh c-triking vlocities. In addition to these
conditions, some of the_.cf.fQ. Qc variationain..froz=mint,.brdness have
-- been z tudi,d.

It was found that the formula prgviously developed for predicting
th: performance of certain armor materials under inpW]t..Loyvrmatching
fragments does not hold for undrmatchn . n wit t possibl
exception of nylon. The reason for this limitation is that several varia-

-bls, including the nature and form of the armor materials, have appreciable
effects on the resistancc to impact by iundermatching fragments. These

Seffects tend to overshadowa that of the simple shear type of failure generally

* .nsountered with overmatching fragments.

In view of this situation, it was decided that further investi-
gation of thu eff'ects of physical properties should take precedence over

" the proposed Investigation of variations in perimeter shape. The results

0 of the latter would appear to be of little value, since they would apply

to overnatching conditions only. Consequently, it was felt that the
rusults would not b( worth thu time and cost of completing constructionof th.e sp•cial items of equipment required for this phase of the program.

"The data obtainud under this contract, together with that

obtained previously, are noir sufficiunt to give good indicat egarding
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* ~thu com'bination of' physical properties desired AI1ifh~ ht armor
} matcrials and to Qnablc the prcparation of a personnel arnor csign manual

to be started.

M 0 W E S T R E S E A R C H I N S T U T E
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II. DESCRIPTION OF EQUIPENT

At the beginning of the work on this contract it became obvious

that the magnetic screens used for residual velocity measurement under the

preceding contract would be inadequate for the extremely small fragment

r:imulators to be investigated. The small masses involved would not pro-

duce an adequate signal as the fragment passed between the pole pieces

of each coil assembly. Up to that time other methods of measuring residual

vcwocity had seemed impractical because of cap troubles, i.e., the cap or

chips punched out of the armor plate would produce spurious time interval

signals when other types of screens were used. This difficulty had pre-

cluded the use of other types of screens because the small space available

in the original firing box had not allowed enough freedom in the placement

i of the screens. Consequently, the base line distance could not be changed

appreciably, nor could the screens be moved sidewise as necessary to inter-

cept the fragment but avoid the cap under various conditions of armor

penetrati.'-.. This difficulty had bcen aggravated by the comparatively

large onic-piece caps generally resulting from plate perforation by large

diameter fragments.

In order to avoid, if possible, the construction of a new firing

box, further refinuments were made in the magnetic screen arrangement. A

new screen assembly -was designed to have increased sensitivity, extended

freruency response and higher signal-to-noise ratio. The construction of

this scrcen is shown in Fig. 89. Some comparative residual velocity

measuremennts were made with thQ old and new ,agnotic screens, using

MID W E S T A I U T E
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,/ 4 -in. diameter fragment simulators which were considerably heavier than

the 3/32-in. diameter simulators contemplated for undermatching studies.

The results indicated that the old screens would introduce appreciable

errors, especially in the higher velocity range, if used with fragment

simulators smaller than about 50 grains.

During the initial experiments with the 3/32-in. diameter frag-

ments, it became apparent that the new magnetic screen would not provide

the required accuracy at the higher residual velocities encountered. In

addition to this, the increasLd divergence encountered with the small

fragments, especially at high obliquities and low striking velocities,

made it necessary to have a more spacious firing box. Conseqvently, a

now box was constructed which had sufficient room for placing the screen

in various locations. The construction of this box is shown in the

photographs, Figs. 90 and 91. The increased room made it comparatively

easy to avoid cap impingement on the final screen, and so enabled us to

use a contact or short-circuiting type of screen at that station. This

type had an additional advantage in that the voltage of the sgr.al

generated was sufficient to operate the chronographs directly, thereby

avoiding possible urrors from the inconsistent triggering experienced

with the coil-amplifiur-thyratron combination.

Th arrangement finally ado.ntd Jr, the rtesidual

vjý .ornpnigt of a finu'corner wire mounted imme_ ael__jehind the

.'[..h . ~ A + ~ w i e ~~i
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Crmcir granh *a-d th,, nhort-circuitn tf he screen stopAjt The s-crnýC-

a frame., as shown in Ftp. 91.

The measuremeýnt off striking vclocity was accomplished by the

brcakingr of two finec copper wircs located in the fragment guide. This

raethod. was the same as that used in prrevious work, with the exception of'

fA few-. refinements to permit accurate ma.rmntof the velocity of very

small fragment simulators. Thu method used to correct the residual velocity

L~o ~h ieý-cts off wire breakage and air drag was as follows:

Chronograph measureme~nts of striking and resifual velocity were

.- ,-n ~i Lt r.,, arnmcr material in place. A piece of heavy paper, 0.008 in.

--is usJ1, in plac- of) 'h. f'rmor !:a,,ile to szop pieces of wire,

* ~ ~ L:.~; Ar& nbirincd co- :2 r fror: 'h.t ZIin the residual velocity

'i .; v/ cj~ n.U.e¾ wr:py. -i, r~v.ra.l values of

rvsiduaiwloy ba:-,u or.TeIfecc~btc: triking and residual

v:,lacity was plottýd as a flinciin cf -.ase )izike distance for each size of

f'ra6-mnont involved. The corr'>c i,,, 1'aetor for the 1. mbincd effects of

wire breakage and air drag wus th,.n tak(en frort tM7, .,.raph. The results

&taic~lin this Way .^Lre vavu,.I7 Tloc bcause; of varyincg amounts of

tumbling.-

The f'ragmnent sm7ar w'.iru right circular cylinders made from

drill rod (ISAE 1095 iteevl). ?"ost, of th~fragments were used in their

unhardened statt; measuring frcm 90 to 95 Rockwell B. In an effort to

prru.,ent "mushrooning" of tht. rnosus, oomu of the fragmeints were hardened

MIDW ST SRESTRICTED
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nand dr•'a:n to approximat(Ay 45 Rockwell C. Others, which hai been hardened

to approximately 60 Rockwell C and not drawn, were unsatisfactory because

of their tendency to shatter, either on impact or before leaving the guide.

The fragnment simulators were propelled by a Ramset Tool using a

spucial barrul having a smaller bore and greater length than standard.

This tool is an improved version of the Tempo Tool used in previous work.

Thu smaller fragments required new guides which were similar to the pre-

vious ones except for the arrangement of gas escape slots and the two-piece

conztruction which p!>rmits thu guide to be opened for easy cleaning and

removal of occasional Jammed fragments.

A refinement was added to the equipment in the form of a panel

of lights and switches for quickly checking the wires and screens for

1A continuity and short circuits. This panel, which is visible at the top

of th,. firing box in Figs. 90 and 91, proved to be a valuable time-saver.

A sch,:'.atic diagram of the test circuit is givun in Fig. 88.

° -6-
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III. DISCUSSION

A. Performance Prediction Method

During previous research on the resistance of body armor materials

to fragment penetration, it was noted that the performance of a given

material could be predicted with reasonable accuracy by a formula which

involved plate thickness, fragment mass, and shear perimeter. This rela-

tion had been found to hold over the range of conditions in which over-

matcrinrg fragments had been used, that is, fragments the diameter of which

excevdead the plate thickness. During the course of work on the present

contract, it was found that this relationship does not hold for matching

and undermatching conditions with the possible exception of nylon. This

relationship had been developed for overmatching conditions in which the

princýipal mode of failure was shear. It is not surprising that the

relationship does not hold for undermatching conditions wherein the

failure of the armor material is influenced to a much greater degree by

other mechanisms than shear.

It was noted that the curves shown in Figs. 75 and 79 correspond

quitc closely to the performance equation previously derived. However,

since the only variable which was changed in making this comparison was

thu mass of the fragment, it cannot be said conclusively that nylon will

conform to this equation under all conditions.

B. Comparison of Materials at Normal Impact

The purformanccs of Hadfield st-ul, doron, and 214ST aluminum

alloy nave bcun plotted on the bari of cqual weight per square foot in

M I D W E S T R E ', f A At I N S T I T U TE
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Figs. 1 and 2. The curves for Hadficld steel and doron were adjusted

slightly from the experimental curves to put them on the same weight basis

a& thc: P4,T.

It w4 !l be observed from Fig. 1 that the order of merit of these

materials at high impact velocities is the reverse of that at low velocities.

This effect is apparently in agreement with the results obtained at Aberdeen

Proving Ground using G2 fragment simulators. The main factors involved in

thi3 apparent paradox are probably the ductility and work-hardening effect

of' Hadfield steel which work to the best advantage in the low velocity

region near the ballistic limit. Low velocity impacts allow time for a

"large arsa of the material immediately surrounding the point of impact to

dutrude or deform. The apparent result of this effect is to prolong the

time of impact and extract a greater amount of energy from the fragment.

"The fundamental impact equation can be expressed as

t

m v= Fdt
0

cince F is limited by the strength of the material, any increase in t

will increasv A v. Consequently, the amount of energy extracted will

also increase.

Observation of Hadfield steel plates penetrated at high impact

velocities shows that only a small area of material is involved. This is

belicvcd to be due to the fact that the effect of the inertia of the

material immediately surrounding the point of impact becomes appreciable

at the higher impact velocities. The effect of high velocities would be

M I DW E SE T RE SEA C I N ST I UTE
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to cause very high acceleration of the plate iaterial at the point of

impact. Because of thc: high acceleration, the force imposed on the plate

would exceed its breaking strength in a very short time after impact.

Thus; the inertia of the material immediately surrounding the point of

inpact prevents this material from being detruded to any great extent.

Th Th-refor-, we would conclude that the time of impact is comparatively

short at high velocities and that the amount of energy extracted from a

fragment is comparatively small, assuming that the anount of fragment

deformation is approximately the same for low and high velocities. Visual

obzvervations indicate that the amount of fragment d, tcrmation upon impact

with Hadfie!d steel did not vary greatly over the range of conditions

"studied.

In the case of the 24ST aluminum alloy, fragment deformation in-

creased appreciably at higher impact velocities. Consequently, the amount

of energy extracted by the 24ST could be expected to increase in the high

velocity range, other factors being equal. The 24ST, being a fairly rigid

material because of its thickness, does not exhibit a high degree of

ductility even at the lower striking velocities. Except for the effects

of increased fragment deformation at high velocities, the 24ST does not

exhibit much change in mode of failure over the range of striking velocities.

*•@ Thus, it is not surprising that the performance curves of 24ST and Hadfield

steel cross each other. A possible explanation for the fact that the

performance curve of doron lies between those of Hadfield steel and 24ST

Sin the high velocity range may bc found in the fact that the fragments

suffer relatively little deformation upon impact with doron.

AMI D IDWEST RE SEA R IN S TITUT
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The forcgoing discussion offers at least a partial explanation

for the different orders of merict of these armor materials according to

the method of test. A summary report 1 on tests of armor materials conducted

at Aberdeen Proving Ground indicates that the order of merit of some

materials depends upon the type of test to which they are subjected. The

Z" first type of test discussed in this report was the so-called rectangular

Sarra1:Fer'e t of boxes around 2 20 mm HE shell or a controlled fragmentation

shll. In this test the plate of material to be tested was 8 inches away

from the center of the burst and was consequently exposed to fairly high

* impact velocities of the order of 2800 to 3200 feet per second. The second

type of test involved the determination of ballistic limit under ImP3,nt by

G2 fragment simulators. In this case thestriking velocity vas e:a~xly

low, being approximately 800 ft/sec for 24ST aluminum, 1400 :',J/"1.:

doron, and 1660 ft/sec for Hadfield steel.

The preceding conclusions agree very well with the rest-,:,.

by Fig. 1. Since the prcperzties of Hadfield steel are best reali7

low striking velocitir '•-.ld be expected that this mr~tk-.*ial we.

show superior r- 'tration under these cont

the energy -azment decreases wit.Y

for Hiadfielh s 'rue fo.

*@ curvcs for " h

"mont s iLula,

' "APG Repc

of Be
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The spread between the individual curves in this case is less than the4

experimental error encountered in the tests.

A comparison of nylon with other armor materials is given in

Figs. 3 e.nd 4 on the basis of equal weight per unit area. The apparently

poor.. ......•crforman _• • . .investigaton_ is attribtd_,_0 the small

a f_ ragmet, ac discussed in Section III F, entitled "Effects

of Physical Properties of Materials". The especially poor performance of

nylon Luder high impact velocities is further accentuated by the melting

of the threads that was noticed under these conditions.
0

"Under the conditions of Fig. 4, the pcrformance of 75ST is

slightly better than that of 24ST. However, no definite conilusions

should be drawn from this because the amount of difference is comparable

"to the experimental error.

A comparison of nylon with doron is given in Figs. 86 and 87.

As mentioned above, the conditions used were such as to minimize the

effectiveness of nylon as an armor material.

C. Effects of Incidunce Angle

As in previous reports, the term "incidence angle" refers to the

angle between the path of an approaching fragment and the perpendicular

to the plane of the armor material. In the final report on the previous

contract it was stated that the performance prediction method could be

modified to take into account the effect of angle of incidence of 1/4-

in. diameter fragments against aluminum alloys and Hadfield steel. In

M I D W E 5 T R ES E A 2 C H I N S T I T U T E

SIRESTRICTED

S•'" ... -Ii



RESTRICTED
the case of the former, the armor thickness was considered to be increased

from that at 0* according to the secant of the angle of incidence, and

the shear perimeter was also increased because of the elliptical rather

"than circular perforation.

These factors cannot be applied to most of the conditions studied

under the present contract, for the reason that the small fragments tend

to yaw during impact at oblique angles. Figure 7 shows that the curve

for penetration of 0.102 in. 24ST by the 3/16-in. long fragments at 450

is considerably below the 0, 15 and 300 curves. Observation of the

penetrations showed that the short fragments yawed considerably more

during penetration at an incidence angle of 45° than at the smaller

anglec. This "broadsiding" tendency is believed responsible for the

fact that considerably more energy was extracted from the fragment at

45e incidence angle. As would be expected, this effect is more pronounced

with the short fragment, which has a small longitudinal moment of inertia,

than with the long fragment.

In Fig. 8, which describes the behavior of 0.102 in. 24ST under

ir-ipa':t by the long fragment, it is seen that only the low-velocity portion

of' the 45° curve is spread away from the 0, 15 and 30° curves. This is

attributed to the assumption that the longer duration of impact at low

striking velocities allows some yawing to occur, even though the long

fragment has a comparatively large longitudinal moment of inertia. Con-

versely, it is assumed that the short duration of impact at high striking

q. velocities, together with the large moment of inertia, does not permit

appreciable yawing to occur.

I D W E S T R E S EAR C H I N S T IRT RUTE
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Trends similar to the foregoing can be observed in Figs. 6 and

39 through 12.

Figures 14 and 15 show that the performance of Hadfield steel

at 150 angle of incidence is slightly inferior to that at 00. Although

this .rend is opposite to the general trend shown by other materials, it

""substantiates the results of previous work with larger fragments conducted

by other investigators as well as by the Midwest Research Institute.

D. Effects of Fragment Mass and Plate Thickness

Figures 20 through 26 show the effect of varying the mass or

length of the fragment, and Figs. 27 through 29 show the effect of varying

"the plate thickness. As mentioned previously, it was found that these

It curves do not follow the relationship between fragment mass, plate thick-

ness and shear perimeter which is applicable to overmatching fragments.

Although time did not permit a search for another relationship which may

apply to the undermatching conditions, this will be investigated in

connection with the preparation of the armor design manual.

E. Fragnent Deformation and Hardness

The greater portion of the experimental results were obtained

with unhardened steel fragment simulators measuring from RB 90 to 95.

- Practically no deformation of the fragment nose was perceptible after

inpact "rith unimpregnated nylon duck and relatively little with 2S0

aluinum. However, a moderate amount of "upsetting" of the fragment

' "nose occurred upon impact with doron, the amount being greater at high

MIDW EST R S E A R H I N S T I T U T E
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imipact velocities. 24ST and 75ST aluminum alloys induced a large amount

of "upsetting" and "mushrooming" of the fragment noses, the amount also

being gaeater at high impact velocities. Observation of partial penetra-

tions indicated that the deformation of the fragment nose started immediately

after the fragment struck the plate and that the deformation increased as

th; fragment nose progressed through the plate. This action accounts, at

.l,!a!.;t in part, for the increased diameter of the hole at the exit side

of the hard aluminum plates. Hadfield steel induced a large amount of

"iuozhroorArig" of the fragment nose at all striking velocities, and the

amount of "upsetting" was greater at high velocities. There was some

indication that the "mushroomed" edge was sheared off during penetration

at intermediate and possibly at high velocities, also.

In general, the amount of fragment deformation experienced with

the 3/32-in, diameter fragments against metallic materials was quite

severe. No appruciabl. deformation had been encountered with the i/ 4 -in.

and 1/2-in, diameter fragments used in previous work, even though the

fragment hardness was approximately the same in all cases. The impact

velocities of the small fragments were, in general, much higher than those

of the larger fragments, but this does not seem to account entirely for

the difference in deformation. There are indications that other factors,

* posoibly fragment mass and time of impact, have a marked influence on

.frazcntdformation. A few of the 2 .4,7 grain frag.•ments which had been

"!harened to approximately 60 RC were successfully fired at Hadfield steal

"without shattcring. In some cases, nts were'.- -"- . the noses of these fragmenswr

"M" I D E S T 1; E i A R C H I N S t I T U T E
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upset apprcciably, and color shadings progressing from dark blue to straw

color were visible behind the nose, indicating that the temperature reached

during impact had probably been high enough to soften the nose and thus

•. cotributo to the deformation. However, the data were not sufficient to

warrant definite conclusions.

"Because of the difficulties experienced with shattering of the

"fully hardened fragments, some of the 13.55 grain fragments were drawn

.to a hardness of about 45 RC° These were fired at 0.035 in. Hadfield

* steel at normal impact and the results are given in Fig. 85. Although

the frarg;ent deformation was appreciably less than with unhardened frag-
I

Sn'nts, no positive trend is apparent from Fig. 85. It was expected that

"the curve of results from the hardened fragments would lie above that

for the unhardened ones, especially at the high velocity end of the curve.

Apparently, other factors are involved which we cannot explain at this

time. Consequently, it is planned to investigate further the question

of fra6mcnt deformation and hardness during the preparation of the design

' manual.

F. Effects of Physical Proýperties of Mat&rials

With the exception of some of the aluminum alloys, the armor

maturials tested under this contract were received from Aberdeen Proving

SGround. The nylon used in this work was 2 x 2 basket weave weighing 13

ounces per square yard. No plastic impregnation or other special treatment

wzas applied to it. The doron received had no markings or other indications

as to Thich type it was. The sheets used were 21 ply, average thickness

M I D V, E " A R C I N S T I T U T E
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0.155 in. and average weight 22.5 ounccs per square foot. The ,adfield

steel used was 0.035 in. thick with the hardness varying from 70 to 90

RB

Observation of Figs. 1 through 4 shows that thre; high voloc'ty

performance of nylon is inferior to that of most of the other materials

considered. A reason for this may be the thread melting effect associated

with concentrating the impact energy in a very small area. This effect

increases as the striking velocity is increased as observed by examina-

tions of the fractures. Another property of nylon which has an adverse

effect on its resistance to high-velocity impact is its softness. Because

of the combination of softness and low melting point, there is no tendency

to deform the nose of the fragment. Therefore, there is no opportunity

"" -to at~~b te impact energy over a wider area. Consequontly, it appeaars

thr.t nylon can be used to best advanaeo whn exposed to low velocity

"" fr .ents. A composite armor using a combination of nylon aMd a sitablo

vmetal should have the nylon placed nearest the body if the construction

""l rmit maintaining a •r0.crslce between the _ylQn aAd ._y. 2

Throughout the work on this contract, an attempt was made to

- determine which physical properties have the greatest effect on resistance

to armcr penetration. There appears to be no simple quantitative compari-

"son betwcen critical velccities and the common criteria such as tensile

strength, shear strength, etc. It has been noted that, when the leading

body armor materials are compared on an equal weight basis, their over-

2 ACC MD Report No. 208, "The Effect of a Non-Perforating Missile on
S""the Animal Body Protected by Nylon Armor" by Tillctt, Banfield

& Hvrget.
,I w E S I R E 3 A R CH I N S T I T U T E
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all performanceis are nearly equal. Also, under most conditions, it appears

that a superior physical property in any one material is offset by an

inferior property which is inherent to the nature of the same material.

No presently known material combines the most desirable prcperties of

all the materials tested.

Although the quantitative effects of the desirable properties

are yet unknown, the qualitative effects of various properties have become

fairly clear. Duing the work with undermatching fragments on nylon duck,

the condition existed where the fragment diameter was small enough to

approach the diameter of one strand of the nylon. On all of these shots

a cross effect was noted around the point of penetration. This was caused

by the straining or pulling of one or two strands in both directions of

the weave. This concentration of load on a small number of strands is

probatly responsible for the poor performance of nylon under these condi-

tions. Work on previous contracts with large diameter flat-nosed fragments

at normal impact showed nylon to have a much higher critical velocity than

the other materials tested, viz., 24ST, 75S; or Hadfield steel. This

supe-riority of nylon did not hold true when the fragment nose shape wa•

chranmed from fa_1L conical or when the incidence angle was increased

The foregoing observations indicate that.-Wwoven or fabric

miAteri•l should have rip-stoD weave, spot impregnation or a similar device

to d te the load overka larger area. Impregnated materials, such as

doron, should have sufficient bond between fibers to equalize the load ani

I D W E S T A I I A R C I N $ T I T U T E
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prevent, spreading them apart under impact by sharp-nosed fragments. A

high meltinr p0oint for any material is desirable to prevent the thread

neltin7 encountered with nylon under hiLh-velocitv imnact. Any effective

armor material should be of sufficient hardness to deform the fragment

an' thereby ahnnrh t1fJ i m;ant energy QyX _W_ =_eeP..a5__possible.

Qt'nr nronr 1 i which arl1i to t-he iwgnptratton rpnistanng cnf saimnrmeWra

j.ii tilf-y nr setratch and flaxhiility. Ductility or stretch, as evi-

denced by Hadfield steel, and to a moderate extent by nylon, allows the

material to detrude under impact. This condition increases the time

interval of penetration, thereby allowing the material to absorb a greater

amount of energy during penetration. Flexibility would have a similar

effect to ductility in that it would result in a greater length of time

during which penetration would occur. Flexibility would also allow the

construction of one-piece armor suits or the use of larger plates in

constructing body armor.3' 4

3 WAL Memorandum Report WAL 710/280, "Comparison of Resistance
Characteristics of Flyer's Protective Armor, Ml, and Experimental
Armor Vest, T39, and the Effect of Component Plate Size", by

J. F. Sullivan.

4 ACC Z)I Report No. 228, "The Effect of a Non-Perforating Missile on the

Animal Body Protected by Steel Armor", by Tillett, Banfield & Herget.

M I D Y/ E 5 T P r 3 Z A R C H I N S T I T U T
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"IV. CONCLUSIONS

A. On the basis of the experimental work described in

this repoit it is concluded that the physical properties desired in

an efficient body armor material include the following:

1. Ductility or stretch of metals or fabrics.

2. Sufficient hardness to deform fragment rnoses.

3. Flexibility, to prolong time of impact.

4. High melting point.

5. In the case of fibrous materials, a means for

achieving equal radial distribution of forces around the

point of impact.

6. In the case of fibrous materials, a means for

preventing the separation of fibers under impact by

sharp-nosed fragments.

B. The order of merit of most of the materials considered

depends on the conditions under which they are tested. The order may

be reversed by varying the impact velocity or fragment size.

C. The performance prediction method developed for

overmatching fragments does not hold for undermatching fragments or

for Hadfield steel under the conditions described in this report.

MA I D V/ IE S $ R E E H 1 N S T I t U T I E
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Schematic Diagrai;; Fig. 88
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APPENDIX C

Photographs of Equipment; Figs. 89 through 91
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